Reactive infiltration of a blended powder preform containing TiN with molten aluminum was attempted at temperatures ranging from 1173 K to 1673 K in order to fabricate nitride ceramics composite. Titanium powder as an infiltration aid was mixed with TiN powder (particle sizes: 53 mm and 1:0$1:5 mm) by various blending ratios. Spontaneous infiltration of the blended powder with molten aluminum occurred on condition that processing temperature and titanium content in the blended powder were high enough. Spontaneous infiltration took place when processing temperature was 1673 K (TiN: 53 mm) or processing temperature was over 1173 K (TiN: 1:0$1:5 mm). It was confirmed that Al 3 Ti and TiN were the main constituents after the infiltration was completed. SiC whisker was added in the blended perform powder (TiN: 1:0$1:5 mm, Ti: <45 mm) by various blending ratios (4$30 vol%). The results showed that SiC whiskers were successfully dispersed by up to 10 vol% in the Al 3 Ti/TiN ceramics composite.
Introduction
Pressureless infiltration process as one of the fabrication methods of metal matrix composites (MMCs) is attractive on account of the following aspects. [1] [2] [3] [4] . Cost-effective process . Near net shape production . High volume fraction of ceramic reinforcements Good wettability between a solid powder phase and a liquid metal is required to realize the spontaneous infiltration process. The good wetting condition is often defined by a low contact angle (<90 ) of the sessile droplet test. 5, 6) Nonwetting metal/ceramics combination makes the penetration of molten metal into the particle perform difficult. We have reported the effectiveness of blending the reactive elemental powders with ceramics reinforcements to realize the spontaneous infiltration (reactive infiltration). [7] [8] [9] [10] The reactive powder increases the peripheral temperature when contacts with molten metal, and improves the wettability. This process can provide a continuous ceramic or intermetallic matrix composite since the ceramics or intermetallics are synthesized in situ. 4) The wettability between titanium nitride (TiN) and aluminum is reported to be poor, although TiN is an attractive ceramics on account of high hardness, excellent stability at high temperatures, good electrical and optical properties, good thermal conductivity.
11) The combination between titanium and molten aluminum is highly reactive and can be applied to the reactive infiltration technique. 12) Therefore, by using titanium as the infiltration aid, the spontaneous infiltration of a titanium nitride (TiN) and titanium blended powder preform with molten aluminum can be expected. The schematic illustration of reactive infiltration process investigated in this experiment is shown in Fig. 1 . By the reaction between titanium and aluminum (eq. (1)), Al 3 Ti matrix is synthesized.
With the help of the reactive infiltration technique, it can also be expected to disperse whiskers in the composite by simply blending whiskers in the powder perform. Since squeezing pressure is not necessary, physical damage to the whisker can be minimized. Such hybrid metal matrix composites are reported to bring the combined advantages of both whisker and particles, and also provides a variation in mechanical properties such as creep resistance. 13, 14) In this study, effect of processing parameters (processing temperature, powder perform composition, TiN powder size, silicon carbide whisker addition to perform powder) on the infiltration capability and microstructure are investigated.
Experimental Procedure

Preparation of nitride ceramics composite
Two kinds of TiN powders (particle sizes: 1:0$1:5 mm and 53 mm) and titanium powder (size: <45 mm) were used as starting materials. Titanium powder was blended with TiN powder by various molar blending ratios (TiN/Ti molar blending ratio: 0:5$19:0). This will be described as the [Ti+TiN] blended powder in the following sections. During machine blending, large TiN powder (53 mm) was crushed and become smaller (7$8 mm). The size of smaller TiN (1:0$1:5 mm) was not significantly affected by machine blending. The [Ti+TiN] blended powder (4.0 g) was compacted under a pressure of 200 MPa to make a preform (porosity: 35$45%). The shape of the preform was columnar and its diameter and height were 10 mm and 15 mm, respectively. The preform was located at the bottom part of an alumina (Al 2 O 3 ) crucible, and a pure aluminum ingot (6 g, purity: 99.9%) was placed on the preform as shown in Fig. 2 . The specimen was then heated up to a processing temperature (1173 K$1673 K) by an induction furnace in N 2 gas atmosphere. The average heating rate to the * Graduate Student, Nagoya University processing temperature was 20 K/min. The specimen was cooled down in the furnace after reaching at the processing temperature.
Preparation of SiC whisker composites
SiC whisker (10$15 mm in length, 0:6$0:8 mm in diameter) was added to the [Ti+TiN] blended powder (TiN: 1:0$1:5 mm, Ti: <45 mm) by various volume fractions ranging from 4% to 30%. The powders and whisker were mixed in ethanol for 30 minutes, and dried in an electronic oven at 373 K for 5 hours. The blended materials were compacted under a pressure of 200 MPa to make the preform (porosity: 40$50%). The blended preform and a pure aluminum ingot (6 g, purity: 99.9%) were heated together up to 1173 K by the induction furnace in N 2 gas atmosphere.
Analysis of microstructures
The vertical cross sections of the specimens were observed by scanning electron microscope (SEM). The quantitative analysis of the specimen was carried out by energy dispersive X-ray analysis (EDX) and X-ray diffraction analysis (XRD). The boundary between composite and residual aluminum was firmly bonded. When molar blending ratio of TiN/Ti was high, spontaneous infiltration stopped before reaching at the bottom of the preform as shown in Fig. 3(b) . When molar blending ratio was low, many pores (0:1$1 mm) generated by the expansion of the preform was confirmed (Fig. 3(c) ). This is because the large amount of titanium addition raised the specimen temperature higher than an adequate level to maintain the original size of the precursor. Table 1 shows the results of spontaneous infiltration under various processing conditions (processing temperature: 1273$1673 K, molar TiN/Ti blending ratio: 0:5$20:0). The size of TiN particle was fixed to 53 mm. At 1673 K, infiltration occurred when the molar blending ratio of TiN/Ti was below 17.0. At temperatures below 1473 K, complete infiltration of the [Ti+TiN] preform with molten aluminum did not occur regardless of the TiN/Ti blending ratios. XRD analysis was carried out on the completely infiltrated specimen (TiN/Ti: 5.0), and the result is shown in Fig. 4 . X-ray peaks of TiN and Al 3 Ti were detected at appropriate angular positions whereas no peaks of Ti were detected. SEM micrograph of the same specimen is shown in Fig. 5 . From EDX analysis, it was conformed that the light gray matrix and the white particles in the figure were confirmed as Al 3 Ti and TiN, respectively. No residual titanium powder was visible. Therefore, the conversion of titanium to Al 3 Ti was confirmed. In Fig. 5 , homogeneous distribution of Al 3 Ti without pore formation was observed. When molar blending ratio was not appropriately selected, extreme expansion of preform and pore formation (see Fig. 3(c) ) took place. It is well-known that the reaction between titanium and aluminum is highly exothermic and Al 3 Ti as a reaction product tended to expand and became porous. The sufficient amount of TiN in powder preform absorbed the heat of reaction and, therefore restrained such an extreme exothermic behavior. A minute quantity of AlN formation was also confirmed as shown by the black spots in Fig. 5 . AlN is known to possess high melting temperature, good resistance to thermal shock due to its high thermal conductivity, and stability in the presence of molten aluminum, thus AlN ceramic is regarded as a candidate for high performance application. 15, 16) 
Effect of TiN particle size
The TiN powder with a smaller size (1:0$1:5 mm) was used to see how the TiN powder size affects the infiltration capability and the matrix microstructure. Figure 6 shows macro-and microscopic vertical cross sections of the specimens fabricated with TiN/Ti molar ratio of 19.0 (processing temperature: 1173 K). The results showed that the spontaneous infiltration took place at 1173 K, which can not be achieved with 53 mm TiN powders. Dispersion of fine TiN particles is identified in Fig. 6(b) . The spontaneous infiltration was driven by the capillary force written by the following equation.
Where P is the capillary force [N], " is the porosity of preform [-] , is contact angle [ ] and d is the average particle size [m]. Hence the smaller particle diameter makes capillary force larger when the contact angle is less than 90 degrees. The adiabatic combustion temperatures during the infiltration as a function of TiN/Ti blending ratio (initial temperature: 1173 K) were calculated by the eq. (3). 
x: molar TiN/Ti blended ratios Fig. 7 shows the relation between the theoretical adiabatic combustion temperatures and titanium content, showing the steady temperature increase by increasing the titanium content. Wetting condition of the preform was adequately improved by the heat of reaction between molten aluminum and titanium. From this reaction, the contact angle between molten aluminum and TiN became below 90 by a temperature increase. Moreover, the smaller TiN particle diameter makes capillary force more effective. Therefore, spontaneous infiltration was enhanced by using 1:0$1:5 mm TiN powder.
Fabrication of SiC whisker containing composites
SiC whisker was added to the [TiN+Ti] powder perform (TiN: 1:0$1:5 mm) as describe in the former section, and the possibility of spontaneous infiltration was observed. Table 2 shows the results of the possibility of spontaneous infiltration under various experimental conditions. Spontaneous infiltration took place when volume fraction of SiC was low. However, when volume fraction of SiC whisker increased to 14 vol% (TiN/Ti = 12.5 and 15.0) and 8 vol% (TiN/Ti = 19.0), spontaneous infiltration could no longer be completed. It was revealed that decreasing the TiN/Ti ratio was effective to increase the limit of SiC w addition. Figure 8 shows (a) macroscopic and (b) microscopic vertical cross sections of a specimen containing SiC whisker (TiN/Ti: 12.5, SiC w fraction: 8 vol%). In Fig. 8(a) , complete infiltration was observed. In Fig. 8(b) , it was conformed from spot analysis of EDX that the dark gray fibers were SiC w . Homogeneous dispersion of SiC w in the matrix is seen in Fig. 8(b) . Thus, it was revealed that the whisker dispersed composite can be fabricated without applying an external pressure by using the reactive infiltration technique.
Conclusion
Spontaneous infiltration of the [Ti+TiN(+SiC w )] powder blended preform with molten aluminum to fabricate nitride ceramics composite was attempted. The effects of processing parameters (processing temperatures, molar ratios of TiN/Ti and particle size of TiN) were investigated and the following results were obtained.
(1) Spontaneous infiltration of the blended powder preform (TiN size: 53 mm) with molten aluminum didn't occur when processing temperature was 1273 K or 1473 K even though blended ratio of titanium as infiltration aid 1:0$1:5 mm, Ti: <45 mm) containing SiC whisker was successfully occurred. The upper limit of SiC w fraction increased by decreasing the TiN/Ti ratio. Maximum volume fraction of 10% was obtained without applying an external pressure to the melt by using the reactive infiltration process.
